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perature relative y value of the P-doped Si at 1.1,
4. 2, and 77'K, which is essentially in agreement
with the present result. However, because of the
lack of (a) a detailed analysis of the temperature
dependence of y and (b) the absolute determination
and comparison with the static values, their dis-
cussions on localized-moment problem remain
rather speculative.
-ACKNOWLEDGMENTS
We would like to thank W. Sasaki for valuable
discussions on this work. We especially thank T.
Sakudo for his interest and encouragement through
the course of this work. Heartfelt thanks are due
to H. Unoki for allowing the use of experimental
facilities and also to T. Ishiguro for helpful dis-
cussions of the experiments. We wish to express
our thanks to N. Mikoshiba, J. Kondo, C. Yama-
nouchi, andthe staff of the solid-state physics sec-
tion of our laboratory for their stimulating discus-
sions on this work. S. Morita and K. Mitsugi gen-
erously supplied us with liquid helium.
'H. Fritzsche, J. Phys. Chem. Solids 6, 69 (1958).
C. Yamanouchi, K. Mizuguchi, and W. Sasaki, J.
Phys. Soc. Japan 22, 859 (1967).
W. Sasaki, J. Phys. Soc. Japan Suppl. 21, 543
(1966).
Y. Toyozawa, J. Phys. Soc. Japan 17, 986 (1962).
S. Maekawa, J. Phys. Soc. Japan Suppl. 21, 574
(1966).
W. Sasaki and J. Kinoshita, J. Phys. Soc. Japan 25,
1622 (1968).
~W. C. Dash, J. Appl. Phys. 27, 1193 0.956).
In the experiment of NMR, there is an example in
which this type of the coaxial magic tee is employed:
M. P. Klein and D. E. Phelps, Rev. Sci. Instr. 38,
1545 (1967). We would like to thank N. Sakamoto for
informing us of this paper.
One of the characteristics of the hot-carrier diode
is less noisy even at low modulation frequencies. The
HP 2403 was used in our experiment.
R. T. Schumacher and C. P. Slichter, Phys. Rev.
101, 58 (1956).
E. Sonder and H. C. Schweinler, Phys. Rev. 117,
1216 (1960).
A. M. Clogston, B. T. Matthias, M. Peter, J. J.
Williams, E. Corenzweit, and R. C. Sherwood, Phys.
Rev. 125, 541 (1962).
T. Matsubara and Y. Toyozawa, Progr. Theoret.
Phys. (Kyoto) 26, 739 (1961).
4P. W. Anderson, Phys, Rev. 124, 41 (1961).
N. Mikoshiba, Rev. Mod. Phys. 40, 833 (1968).
N. F. Mott, Phil. Mag. 6, 278 (1961).
' D. Pines, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic, New York, 1955), Vol. 1,
p. 367.
R. Bowers, Phys. Rev. 108, 683 (1957).
R. Bowers and Y. Yafet, Phys. Rev. 115, 1165
(1959).
S. Maekawa and N. Kinoshita, J. Phys. Soc. Japan,
20, 1447 (1965).
Y. Yafet, in Solid &tate Physics, edited by R. Seitz
and D. Turnbull (Academic, New York, 1963), Vol. 14,
p. 1.
H. Hasegawa, Progr. Theoret. Phys. (Kyoto) 21,
483 (1959).
23A. C. Gossard, A. J. Heeger, and J. H. Wernick,
J. Appl. Phys. 38, 1251 (1967).
24S. Schultz, M. R. Shanabarger, and P. M. Platzman,
Phys. Rev. Letters 19, 749 (1967).
2~A. Nakamura and N. Kinoshita, J. Phys. Soc. Japan
26, 48 (1969).
R. J. Elliott, Phys. Rev. 96, 116 (1954).
G. Feher, Phys. Rev. 114, 1219 (1959).
~ H. Kodera, J. Phys. Soc. Japan 27, 1197 (1969).
PHYSICAL RE VIE W VOLUME 3, NUMBER 12 15 JUNE 1971
Light Scattering from Polaritons and Plasmaritons in CdS near Resonance
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We have investigated light scattering from polaritons and plasmaritons in CdS near resonance.
These results are compared with computer-calculated dispersion curves for these excitations.
We find a good agreement between theory and experiments. Particular attention is given to
interesting effects arising from birefringence and resonance.
I. INTRODUCTION
It is well known' that there is a strong coupling
between the transverse optical (TO) phonons in
polar crystals and electromagnetic waves when
their energies and wave vectors are nearly equal.
The coupled photon-TO mode, known as the 'po-
lariton, " has been investigated in a number of crys-
tals by light scattering at small angles. However,
light scattering from polaritons in CdS has not been
reported so far.
The polariton dispersion relation in a crystal is
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determined by the transverse-dielectric-response
function of the crystal. It is well known that the
presence of free carriers in a crystal modifies its
transverse dielectric function. There is, thus, a
coupling between the electron plasma and the po-
lariton in the crystals. This coupled mode has
been called the "plasmariton. " The only experi-
mental observation of the plasmariton reported so
far is by Patel and Slusher, ' who also investigated
the effect of magnetic field on the plasmariton in
GaAs. Alfano' has calculated dispersion relations
for the plasmariton in GaAs. However, the use of
damping in these calculations has been questioned.
Wolff~ has calculated the scattering cross sections
for these excitations.
We have experimentally studied light scattering
from polaritons and plasmaritons in CdS. The case
of CdS is very complex and interesting for two
reasons. First of all, CdS changes from a positive
birefringent crystal to a negative birefringent crys-
tal as one approaches the band-gap energy from be-
low. ' Second, resonance effects (or dispersion of
the refractive index) must be taken into account
because the Ar' laser lines used in the present ex-
perimental work are close to the band gap of CdS.
In this paper, we present our experimental re-
sults and compare. them with the computer-calcu-
lated dispersion relations for polaritons and plas-
maritons. We present the experimental techniques
and results in Sec. III. Experimental and theoret-
ical results are compared in Sec. IV.
II. EXPERIMENTAL TECHNIQUES AND RESULTS
Most of the experiments were performed using
5145- and 4965-A lines from a 200-mW Ar' laser.
A He-Ne laser operating at 6328 A was also used.
Since the coupling between electromagnetic waves
and transverse excitations in the crystals is strong
only at small wave vectors, the Stokes scattered
radiation was measured at very small angles (8)
with respect to the incident beam. Apertures
were used to select the desired scattering angle 8.
The scattered radiation was analyzed using a double
spectrometer.
Data were obtained for three different samples:
(a) a "pure" sample (n -10"cm '); (b) an indium-
doped sample with n -4 && 10" cm '; and (c) an in-
dium-doped sample with n -2 ~ 10'9 cm . All mea-
surements were performed at -5 K. At this tem-
perature, the 5145-A laser beam was not signifi-
cantly absorbed by any of the samples. The 4965-
A laser beam was strongly absorbed by the two
doped samples even at this low temperature. The
plasmariton data is thus available only at one laser
frequency.
All the measurements were carried out in either
the x(yz)x or x(zy)x geometry. [x(yz)x implies that
the incident laser was along x direction, the scat-
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I IG. 1, Experimental Stokes scattered radiation at
8=0.6' for two samples: (a) "pure" and (b) doped
n-4&&10 cm . Curve (c) is the spectrum obtained from
the pure sample at ~ = 90' andis shown here for compari-
son. The 5145-~ laser line was used. Samples were tak-
en at 5 'K. The TO in (a) and (b) is due to back scattering.
tered radiation was approximately along x, and the
incident and scattered polarizations are along y
and z directions, respectively. The z direction is
along the crystal c axis. ] The direction of the
phonon propagation was always chosen to be the z
direction.
Figures 1(a) and 1(b) show the Raman spectra
obtained for two samples at 8=0.6 for x(yz)x
geometry. For comparison we have also shown
[Fig. 1(c)] the spectrum obtained for 8= 90' for the
pure sample. In Figs. 1(a) and 1(b), we see an
additional peak which is at lower energy than the
TO mode. We note that the difference between the
energies of this peak and the TO mode decreases
as the carrier concentration increases. We identify
this peak as due to light scattering from the plas-
mariton, or the coupled plasma-polariton mode.
For all three samples, data were obtained at
various scattering angles and for the two scattering
geometries described above. In Sec. IV, we will
present these data in a reduced form and compare
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them with computer calculations of the dispersion
relations to be obtained in Sec. III. We conclude
this section with one comment. The He-Ne laser
operating at 6328 A would be ideal for investigating
polaritons and plasmaritons in CdS for two reasons:
(i) The complicated effects of resonance can be
neglected, and (ii) since the laser is not strongly
absorbed even at 300'K, plasmariton data could
also be obtained at two frequencies. We did attempt
to observe these effects with a 200-mW He-Ne las-
er. However, no TO mode was observed at 6328
A. ' Therefore no data for the He-Ne laser could
be obtained.
III. DISPERSION RELATIONS FOR PLASMARITGNS IN
CdS NEAR RESONANCE
The transverse-dielectric function of a. system
consisting of optical phonons and conduction elec-
trons in CdS in the long-wavelength and self-con-
sistent-field (SCF) approximation is'0
4 v (ep —e.)~',
e (~) =e ——. o
TO
If we approximate
~n
n(&) =n(~,.)+ ((u —&u, ) —,
we obtain the followi'ng expressions:
Case (i). For incident-ray ordinary and scat-
tered-ray extraordinary [x(yz)x in our notation]
CO
&, (np-ne)+ ~ n, + ~, ' +npn. (u, 88(d
&c, (Ep —e«)~T o
2 2 2(0 + I 47 —(dTO (5)
Here (&n,/») l; means that sn, /» is to be evalu-
ated at &;. In arriving at Eq. (5), we have assumed
that &;»& and n, » ~(sn, /&~) I;. The actual num-
bers to be presented later will show that these con-
ditions are very well satisfied in the case of CdS.
We have also introduced a phenomenological damping
constant I' for the electron plasma.
Case(ii). For incident-ray extraordinary and
scattered-ray ordinary [x(zy)x in our notation], np
and n, are interchanged to give
where we have neglected phonon damping. co and
are the static and high-frequency dielectric con-
stants, respectively, and To is the TO phonon
frequency. 0~, which is the transverse conductiv-
ity, can be shown" to be given by
1 Bno ' 2 2
~g (ng np)+ ~ np+ ~$ + npn co 8Bco
(ep —e A~To1 — p p — p p(d —COT o
(6)
C g ~ ( 0 f )«TQ2 2 2
p pN CO (0 —COT 0
(2)
In order to facilitate comparison between theory
and experiments, it is desirable to express as a
function of 8, the scattering angle, rather than q.
To do this, we make use of energy and momentum
conservation equations
CO = (0] —(US
q'= k', + k', —2k, k, cos8,
(6)
(4)
where ~, (to,) and k, (k,) are the frequency and wave
vector of the incident (scattered) photon. In elim-
inating q, one must remember two complications:
(i) CdS is a, birefringent material so that the index
of refraction for the ordinary and extraordinary
rays are different, i.e. , npan, . (ii) In our experi-
mental situation, 8+; is close to the band-gap ener-
gy so that dispersion must be taken into account.
4noz/i& = (~&/& )&-,
where
~~= (4ane'/e m,*)'
is the q= 0 plasmon frequency. Here nis the den-
sity of free carriers, e is the charge of the carrier,
and m,* is their effective mass.
Since Maxwell's equations require that er(~)
= cay /&ua, where c is the velocity of light and q the
wave vector of the normal mode, we have
From Eqs. (5) and (6), we can calculate the fre-
quencies of the plasmariton expected at a given scat-
tering angle. Setting ~~= 0 would give the curves for
the polariton in CdS. In Sec. IV we present these
computer-calculated results and compare them with
the experimental data.
IV. COMPARISON BETWEEN THEORY AND EXPERIMENTS
Before presenting the results of any calculations,
it should be pointed out that no adjustable param-
eters were used in these calculations. The values
of all the required constants for CdS are well known.
The calculations need values of np, na/an~0, and
&n, /&&a at two different frequencies at 5 K. These
quantities were measured by Gobrecht and Bart-
schat at 300 and 80 K. We have assumed that the
values at 5 'K can be reasonably well obtained by
linearly extrapolating the data, of 300 and 80 'K to
20 'K. The appropriate values used are given in
each figure caption. The only other unknown is the
value of ~~. The two doped samples used in these
experiments are the same as those used in our ex-
periments on the plasmon- LO-mode coupling. '
These experimentally determined values of ~~ and
I' were used for calculations.
Let us first consider the results obtained for the
5145-A laser.
In Fig. 2, we show four computed polariton
curves. Let us consider the solid curves (a) and
(c) which represent cases (i) and (ii), respectively,
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those for the corresponding cases (a) and (c). This
is in agreement with the result previously obtained
for ZnSe.
We have just seen that in CdS for both cases (i)
and (ii), the effect of resonance is to increase the
polariton frequency for a given scattering angle 8.
It is, however, clear from the equations that this
need not be the case for all materials. For exam-
ple, if no = 2. 40 and n, = 2. 60 and other parameters
are the same as in Fig. 2, then our calculations
show that introduction of resonance (Sn/s&a= 3. 5
x 10~ cm) will decrease the polariton frequency for
case (i), and increase the polariton frequency
for case (ii) for a given scattering angle. Thus the
value of parameters like ns, n„sn/s&u, etc. , will
determine the effect of resonance in a given ma-
terial.
Let us now consider the effect of doping. We have
seen in Fig. 1 that doping increases plasmariton
frequency. The reduced data at different scattering
angles for the case x(yz)x are presented in Fig. 5
together with three computed curves (one for each
sample) for case (i). Curve (a) for the pure sample
FIG. 2. Polariton frequency ~ vs scattering angle.
Circles and squares are experimental points obtained
with 5145 A. The solid and dashed curves are calcu-
lated. The following values of parameters were used:
= 5 10 &p=s 60 +To 243 cm +f 1943»'0 cm '
pp = 2 600 ~ and n~ = 2. 605. Curve (a): case (i) [Eq. (5)],
(en~/~) I
~
=7.5 &&»0 5 cm; curve (b): case (i) but
(en~/») I ]=0; curve (c): case (ii) [Eq. (6)] (enp/8) I ]
=1xlo cm; curve (d): case (ii) but (Bno/8&@) I &=0.
The sample temperature is 5'K; ~& =0.
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for the true values of CdS parameters. The circles
are the experimental points obtained forx(yz)x geom-
etry. One can see that the agreement between these
points and curve (a) is good except for 8 & 1'. The
calculated value of &u at 8 0 for case (i) is rather
sensitive to nc-n, . Since this number (ns-n, ) was
obtained from an extrapolation, the poor agreement
might be due to an error in extrapolation. The
squares are experimental points for x(zy)x geome-
try. They agree well with curve (c) calculated for
case (ii). Notice that at 5145 A, n, &no in CdS, i. e. ,
CdS is a positive birefringent crystal (like ZnO and
quartz). Therefore, in agreement with the data on
ZnO's and quartz, '4 the frequencies for x(yz)x (here
measured in wave-number units} geometry [case (i)]
are smaller than those for x(zy)x geometry [case
(ii)].
The dashed curves (b) and (d) are computed for
cases (i) and (ii}, respectively, by assuming that
there is no resonance [i.e. , (sn/s ~) I & = 0]. We can
see that the absolute frequencies are smaller than
220
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FIG. 3. Plasmariton frequency vs scattering angle.
The values of the parameters are the same as in Fig. 2.
Solid curves are calculated for case (i) [Eq. (5)]. Curve
(a): "pure" sample; curve (b): n 4X»0 cm; curve
(c): g 2~»0 9 cm . Curve (a) is identical to (a) in
Fig. 2. Circles, triangles, and squares correspond to
samples a, b, and c, respectively. Samples taken at
5'K. ~&=0, 300, and 700 cm ~ for a, b, c, respectively.
i =»60 (200) cm for b and c.
SHAH, DAMEN, SCOT T, AND LE&TH
TO
240
E
235
3
230
225 0
I
0.5
I I I I
10 15 20 25
8 IN CdS (DEGREES)
I
3.0
0
no —n, at 5145 and 4965 A (captions of Figs. 2 and
4), one notices that CdS has passed through its "iso-
tropic wavelength" between these wavelengths, i. e. ,
CdS, which is a positive birefringent crystal at
0
5145 A, has become a negative birefringent crystal
at 4965 A. One may therefore expect that the po-
lariton frequencies for case (ii) will be smaller than
those for case (i) at 4965 A, exactly opposite of
what happens at 5145 A. This expectation is experi-
mentally as well as theoretically verified, as can
be seen from Fig. 4.
V. SUMMARY AND CONCLUSIONSFIG. 4. Polariton frequency vs scattering angle.
Circles and squares are experimental points. Solid
curves are computed using the following parameters:
e„=-5.10, &p=8. 60, ~~0=243 cm, &~ —-20135.4 cm ',0
Qp = 2.765, n~ = 2.75, and e& = 0 ~ A 4965-A laser line
was used. The sample was taken at 5 K. Curve (a):
case (i), en~/~M=3. 5X10 cm; curve (b): case (ii),
Bnp/~w =5.6 &&10 4 cm.
is the same as curve (a) of Fig. 2. We see that the
agreement between observed and calculated plas-
mariton frequencies is reasonably good, consider-
ing that the plasmariton scattered lines are rather
broad (Fig. l).
Figure 4 presents the results for the 4965-8 laser
line. The solid curves are computed while the
points are experimental. One can see that the
agreement between the two is good.
One point of interest is comparison between the
5145- and 4965-A data. Comparing the values of
We have presented experimental results on light
scattering from polaritons and plasmaritons in CdS.
We have also computed the dispersion curves for
these excitations. We find that there is a good
agreement between experimental and computed re-
sults. The analysis of the data is complicated by
the fact that CdS is birefringent, that its birefrin-
gence changes sign in the region of interest, and that
resonance effects must be considered. We have
demonstrated the effects of 'hese factors on the dis-
persion relations of polaritor, s and plasmaritons.
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